Introduction: Polymorphisms in killer cell immunoglobulin-like receptor (KIR) and human leukocyte antigen (HLA) gene families are implicated in differential outcomes of HIV infection. However, research findings on the influence of KIR and HLA-C polymorphism on HIV disease progression remain inconclusive. We thus investigated the association of KIR and HLA-C gene polymorphisms with plasma HIV load (VL) and CD4+ T lymphocyte (CD4) count in 183 chronically HIV-infected, combination antiretroviral therapy (cART) naïve Zimbabweans of Bantu origin. Methodology: The presence or absence of 15 KIR genes were determined using sequence specific primer polymerase chain reaction while HLA-C typing was performed using chain termination DNA sequencing. Plasma VL was determined using the Cavidi Exavir viral load version 3 assay while CD4+ T lymphocytes were enumerated using flow cytometry. VLs and CD4 counts were compared between gene/genotype carriers and non-carriers using Mann-Whitney ranksum test. 
Introduction
Host genetic polymorphisms are strongly linked with differential outcomes of HIV infection, disease progression and response to treatment [1, 2] , but research findings remain inconclusive. Gene association studies of markers of HIV disease progression (viral load [VL] and CD4+ T lymphocyte count [CD4 count]) show that polymorphisms in the human leukocyte antigen (HLA) gene family are among the most potent determinants of HIV disease progression [3] . Carriage of HLA-B*57, B*58:01, B*27 and B*81 variants is associated with slow HIV disease progression and low VL while in contrast B*35 and B*53 variants are associated with accelerated disease progression and high VL [3] [4] [5] . HLA class I molecules, expressed on nucleated cells are involved in the presentation of HLA bound HIV derived peptides to cytotoxic T-lymphocytes (CTLs) [6] . This antigen presentation stimulates cytotoxic activity of the CD8+ T lymphocytes which consequently destroys the HIV infected cells. In addition, HLA also act as ligands for killer cell immunoglobulin-like receptors (KIR) that are expressed on natural killer (NK) cells [7] . KIR exist as activating (aKIR) or inhibitory (iKIR) receptors depending on whether they stimulate or dampen NK cell activity [8] . The interaction of HLA ligands with their cognate KIRs inhibit or stimulate NK cell activity accordingly. As such, polymorphisms in KIR gene content have been implicated in control of HIV disease progression [9] . The KIR3DS1 gene is widely reported to associate with low viraemia among Caucasian populations [10, 11] . Studies have also linked KIR3DL1, KIR2DL2, KIR2DL3, and KIR2DS4 genes with differential outcomes of HIV infection [12] [13] [14] [15] . Moreover, the epistatic interaction of HLA and KIR variants is reported to have a stronger effect on HIV infection outcomes than individual HLA and KIR variants, perhaps due to the combined effect of HLA and KIR variants co-carriage on NK cell education and function. For example, the compound genotype of KIR3DS1 and HLA-Bw4-80I (KIR3DS1-Bw4 80I) variants is associated with resistance to HIV, slow disease progression and protection against opportunistic infection [16, 17] .
While HLA-B variants are well reported determinants of HIV disease progression, HLA-C variants have largely been overlooked. Where associations of HLA-C variants with HIV infection outcomes are reported, linkage disequilibrium of the HLA-C alleles with protective or detrimental HLA-B variants is often cited as the plausible mechanism of action [18, 19] . However, with the discovery of HLA-KIR interaction HLA-C is emerging as an important host genetic determinant of HIV infection outcomes [9, 20] . HLA-C molecules form arguably the most important KIR ligands because inhibitory (i) receptors of the KIR2DL motif (KIR2DL1/2/3) are recognized by ligands of the HLA-C allotype [7] . KIR2DL1 binds to allotypes with amino acid lysine at position 80 of the HLA-C heavy chain called HLA-C2. KIR2DL2 and KIR2DL3 bind to allotypes with asparagine in place of lysine called HLA-C1. All human nucleated cells express either the C1 or C2 allotype in homozygotes, or both in heterozygous state [21] . Further, a Genome Wide Association Study (GWAS) completed in 2007 reported that a SNP located in the 5′ region of the HLA-C gene, 35 kb away from transcription initiation (rs9264942) could independently explain 6.5% variation in set point VL in the study population [22] . High HLA-C expression on T lymphocytes is inversely proportional to VL suggesting a direct role in the control of viral replication [23] .
There is a dearth of studies on the role of KIR, HLA-C and KIR+HLA-C genetic polymorphisms in HIV disease progression among African populations. We have previously reported an overrepresentation of KIR2DL2 gene containing profiles in HIV-uninfected adult group compared to the HIV infected group suggesting the possible role of KIR2DL2 in HIV infection control [14] . We hypothesise that KIR2DL+HLA C1/C2 profiles are potent determinants of VL and CD4+ T lymphocytes among Africans in whom the well documented favourable KIR3DS1 gene is infrequent. The current study therefore, investigates the association of KIR gene content, HLA-C alleles and KIR+HLA-C compound genotypes with traditional markers of HIV disease progression in combined antiretroviral therapy (cART) naïve adults with chronic HIV infection seeking care at a central hospital in Harare, Zimbabwe.
Methodology

Study participants and specimen collection
We conducted a cross sectional study which was nested in the "Immunological and Virological Investigations of HIV-infected individuals with CD4 counts above 350 cells/µL (IVIHIV)" prospective cohort study as described elsewhere [24] . Briefly, the IVIHIV study was conducted at the Parirenyatwa Group of Hospitals Opportunistic Infections Clinic, in Harare, Zimbabwe. HIV-infected, antiretroviral therapy naïve Zimbabweans (of Bantu origin) aged ≥ 18 years were enrolled after written informed consent. In the current study, DNA was isolated for KIR and HLA-C genotyping from the archived PBMCs of 183 HIVinfected individuals. The median time since the diagnosis of HIV infection in the cohort was 6.3 years, hence the patients were considered as chronically HIVinfected. The study was approved by the Medical Research Council of Zimbabwe (MRCZ/A/2016).
KIR and HLA-C typing
KIR typing was carried at the University of Oxford, United Kingdom using sequence specific primer polymerase chain reaction according to a method that we fully described elsewhere [14] . Briefly, 2 pairs of sequence specific primers were used to amplify each of one pseudogene (KIR2DP1) and 14 functional KIR genes: 6 encoding activating receptors (KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS4, KIR2DS5, KIR3DS1), 7 encoding inhibitory receptors (KIR2DL1, KIR2DL2, KIR2DL3, KIR2DL5, KIR3DL1, KIR3DL2) and 1 encoding a receptor with both inhibitory and activation activities (KIR2DL4). HLA-C typing was done by Sanger's chain termination sequencing using the BigDye Terminator v3.1 Cycle Sequencing kit (ThermoFisher Scientific, Waltham, USA) at the University of Oxford, Oxford, United Kingdom. Briefly, fragments of exons 2 and 3 were simultaneously amplified in a multiplex PCR using an in-house protocol. Primers used for amplification are protected under intellectual property agreement and have not yet been published. HLA-C traces were analyzed to determine HLA-C alleles using the HLASeq software (JSI Medical Systems, Ettenheim, Germany). The software was accessed through a generous donation from JSI Medical Systems. Electrophoregrams of HLA-C traces were manually inspected to resolve any discrepant nucleotide calls. HLA-C alleles were assigned to either HLA-C1 or HLA-C2 KIR ligands based on the amino acid residues of the HLA-C molecules encoded by the alleles, according to a previously described method [25] .
Measurement of CD4 counts and plasma viral load
CD4+ T lymphocytes were enumerated in EDTA anti coagulated whole blood within 6 hours of blood collection in the IVIHIV study using the Partec platform (Sysmex, Görlitz, Germany) as we described elsewhere [24] . Plasma HIV load was also estimated in the IVIHIV study from the archived plasma using the Cavidi Exavir viral load version 3 assay (Cavidi AB, Uppsala Science Park, Sweden) following the manufacturer's instruction. The VL assay has a lower detection limit of 200 copies/mL.
Statistical analysis
Statistical analyses were done using Stata version 13.1 (StataCorp, Texas, USA) and GraphPad Prism 7 (GraphPad Software Inc, California, USA). Univariate linear regression was used to detect any association between log10 VL/CD4+ T-lymphocyte count and; KIR, HLA-C and KIR+HLA-C gene variants. Where univariate linear regression analysis showed a significant association, log10 VL and CD4+ Tlymphocyte counts were then compared between gene variant carriers and non-carriers using Mann-Whitney test. A value of P < 0.05 was considered statistically significant. P-values were adjusted for multivariate comparisons using Bonferroni correction for multivariate comparisons (BCMC) method. Gene variants showing significant association with VL in univariate analysis and gender were included in a multivariate regression analysis.
Results
HLA-C and KIR gene variants and their association with viral load and CD4 counts
The demographic and clinical characteristics of the study participants have been reported elsewhere [24] . A total of 36 HLA-C alleles were present in the study population, 18/36 (50%) with frequencies >1%. Frequencies of KIR genes and genotypes of the participants are described elsewhere [14] . Of the 18 HLA-C alleles detected in >1% of the study population, carriage of the C*18:01, an allele that is restricted to Africans, was associated with low VL compared to non-C*18:01 carriage (Supplementary Table 1 ). When we compared VLs between C*18:01 allele carriers and non-C*18:01 carriers using the Mann-Whitney rank sum test, carriers had a significantly lower median log10 VL (2.87copies/mL [IQR;2.3-3.2]) than the noncarriers (3.33copies/mL [IQR; 2.74-3.9]), p = 0.018 ( Figure 1 ) suggesting a favourable role against HIV disease progression. However, the C*18:01 allele was not associated with CD4+ T-lymphocyte count. Simple linear regression analysis of HLA-C alleles with CD4+ T-lymphocyte count showed an association of the C*08:02 allele carriage with a high CD4+ T lymphocyte count compared to non-C*08:02 carriage (Supplementary Table 2 ). Comparison of CD4 + T lymphocyte counts between C*08:02 allele carriers and non-C*08:02 carriers using the Mann-Whitney rank sum test (Figure 1) showed a significantly higher median CD4+ T lymphocyte count in C*08:02 carriers (548cells/µL [IQR;410-684]) than in non-carriers (428cells/µL [IQR;388-537]), p = 0.034. The associations C*18:01 with VL and C*08:02 with CD4+ T-lymphocyte both could not withstand strict BCMC (p = 0.306 and p = 0.612, respectively). None of the individual KIR genes were significantly associated with either VL or CD4 + T lymphocyte count.
KIR+HLA-C genotypes and their association with VL and CD4+ T lymphocyte count
We also carried out simple univariate linear regression analysis of KIR+HLA-C1/C2 compound genotypes to determine the possible influence of the epistatic interaction of KIR genes and HLA-C1/C2 allotypes on VL and CD4+ T-lymphocyte count. The KIR2DL2+C1 genotype was weakly linked with a favourable HIV outcome as carriage of the genotype was associated with lower VL compared to noncarriage. Using the Mann-Whitney rank sum test, median log10 VL was significantly lower in KIR2DL2+C1 carriers (2.745 [IQR; 2.590-2.745]) than non-KIR2DL2+C1 carriers (3.4 [IQR; 2.746-3.412]), p = 0.041. The association could not withstand BCMC (p = 0.720). None of the other KIR+HLA-C genotypes was significantly associated with either VL or CD4+ T lymphocyte count. Finally, to account for possible confounding effect of variables, we carried a stepwise multivariate regression analysis of VL against (1) genetic factors that were significantly associated with VL in the univariate analyses (HLA-C*18:01 and KIR2DL2+C1), (2) C*08:02 due to its association with CD4+ T lymphocyte count and (3) gender due to the high representation of females in the study population ( Table 1 ). The C*18:01 allele (p = 0.003) and KIR2DL2+C1 compound genotype (p = 0.027) were significant determinants of VL under the model.
Discussion
The HLA-C*18:01 allele, as previously reported [18, 19, 26, 27] was associated with a favourable HIV infection control as C*18:01 carriers had lower VL compared to non-carriers. The favourable effect of the C*18 variant is largely attributed to its co-existence with the well documented B*57 as the two variants are in strong LD [19] . HLA-C*18 is also in strong LD with the B*81:01, an allele whose carriers also exhibited lower VL compared to non-carriers among South African blacks [28] . All HIV controllers in a study among Brazilians who were C*18 carriers also carried the B*57 variant [27] showing the strength of the coexistence of the two alleles in HIV control. The protein products of the B*57 and B*81:01 variants effectively present HIV Gag epitopes to CTLs hence render effective antiviral activity in carriers of the alleles [29, 30] .
A study among Zambians with chronic untreated HIV infection reported that the association between B*57:03 and low VL was strong in the presence of C*18 only, but was entirely lost in its absence [26] . This finding suggests an independent effect of C*18 on HIV viraemia. Moreover, in the same study, VL was higher in B*57:03 carrying individuals who lacked the C*18 variant. In a study among sero-discordant Zambian adults, Tang et al., concluded that C*18 is a major predictor of low VL since B*57 and B*81 variants fail to influence VL in the absence of C*18 [18] . However, both B*57-C*18 and B*81-C*18 haplotypes were associated with low VL, thus making a strong case for the favourable effect of C*18 variant. It is important to further investigate the contribution of Cw*18:01 in HIV infection control as the allele is restricted to people of African origin and may have an important yet neglected role in HIV control in the population. Viral loads were log transformed to fit the regression model, p < 0.05 were considered statistically significant.
The C*18:01 allele did not have an effect on CD4+ T lymphocyte count. Instead, carriage of the C*08:02 allele was associated with higher CD4+ T lymphocyte count when compared to non-carriage of the allele suggesting a favourable role. Interestingly, a study among Zimbabwean adolescents reported a significant enrichment of the C*08:02 allele among the long term survivor group compared to an HIV-uninfected control group [31] . Thus carriage of the C*08:02 allele was associated with longevity in the HIV infected adolescents perhaps due to the allele conferring a favourable immunological profile. Further, a study among African American adolescents reported a significant overrepresentation of the Cw*08 variant among HIV controllers (VL < 1000 copies/mL and CD4+ T lymphocyte count >450 cells/µL) compared to non-controllers (VL>16000 copies/mL and CD4+ T lymphocyte count < 450 cells/µL) and intermediates (1000 ≤ VL copies/mL ≤ 16000, regardless of CD4+ T lymphocyte count, VL < 1000 and CD4+ T lymphocyte count < 450cells/µL, VL>16000 copies/mL and CD4+ T lymphocyte count>450cells/µL) [19] . Our study among these therefore supports a case of Cw*08 allele influencing HIV disease course in a favourable way. Like most HLA-C alleles, the effect of the Cw*08 variant can be explained by its strong LD with an HLA-B variant, B*14 which is associated with favorable HIV disease control [32] . In the African American adolescents study [19] , the Cw*08 and B*14 variants could only account for CD4+ T lymphocytes count when they occurred together with neither showing any significant association with CD4+ T lymphocyte count on its own.
It is noteworthy that the study showed associations of HLA-C variants with either VL (C*18:01) or CD4+ T lymphocyte counts (C*08:02) independently and not both. Both measures are used as independent predictors of HIV infection outcomes, VL indicating viralogical activity and CD4+ T lynphocyte count immunological status. Whilst an inverse relationship is expected between the two measures, discrepancies have been reported [19] hence VL and CD4+ T lymphocyte counts may be utilised independently. Also, CD4+ T lymphocyte absolute counts may be harder to interpret in non-Caucasian populations where normal values may vary from Western populations, which is why some groups use CD4%.
KIR2DL1+C1 compound genotype is associated with low viral load
Our study also demonstrates a significant association between the KIR2DL2+C1 genotype and low VL. While neither KIR2DL2 gene nor the C1 allotype were independently associated with VL or CD4+ T lymphocyte counts, KIR2DL2+C1 carriers experienced significantly lower VL than non-carriers therefore supporting the importance of the epistatic interaction between KIR2DL2 and C1 in HIV control. The role of the KIR2DL2+C1 compound genotype in the control of HIV viraemia can be explained by the low NK cell activation threshold programmed during NK cell "education/licensing" [11] .
''Education'' apportions functionality to NK cells that possess iKIRs, which recognize self-HLA ligands during maturation to prevent uncontrolled immune activation [11] . Thus, the threshold of NK cell activation following stimulation from virus-infected cells is lowered by expression of KIR2DL2 receptors on NK cells in the presence of HLA-C1 on other nucleated cells during "licensing". This facilitates an enhanced immune response following HIV infection. Lin et al., have provided an alternative explanation in a study of ART-naive Japanese patients who like our study participants also had chronic HIV infection [33] . They showed that KIR2DL2+ NK cells suppress viral replication in C*12:03+ and C*14:03+ (both C1) cells to a greater extent than did KIR2DL2-NK cells in vitro. This is because binding of HIV-derived peptide to the C1 molecules reduces expression of the peptide-HLA complex on the HIV-infected cells hence activating KIR2DL2+ NK cells by reducing inhibitory KIR2DL2 ligand expression and not KIR2DL2 affinity for C1 as is usually expected.
An opposing opinion is that the KIR2DL2 receptor is capable of identifying and subsequently binding to HIV-derived peptides presented on C1 molecules from HIV-infected cells [34] . This binding stimulates the inhibitory pathway that will in turn dampen NK cell activation. KIR2DL2 and KIR2DL2+C1 induced HIV mutations that enhance binding of HIV peptide-HLA complex to KIR2DL2 favor the inhibition of KIR2DL2+ NK cells and the associated antiviral activities [35] . The mechanism of immune action in KIR2DL2+C1 carriage therefore remains unclear. Perhaps, the low threshold of activation set during KIR2DL2+ NK cell "education" in presence of C1+ host cell allows for prompt NK cell activation following peptide-HLA complex binding to KIR2DL2.
Our study adds to the growing knowledge of the possible role of KIR and HLA-C genetic polymorphisms in HIV infection outcomes. However, the study had a few limitations, chiefly the cross-sectional design. While cross-sectional studies are a useful assessment for association of host genetic factors with markers of disease progression, the ideal approach is the follow-up of recently sero-converted individuals, taking note of changes in virological and immunological profiles of the participants over time. However, longitudinal studies involve high costs hence are limited in resource limited settings such as Africa. Other host genetic, virological and immunological factors that were not investigated in this study may have confounding effects on our findings. Such factors include HIV genetic diversity and variation in chemokine, chemokine receptors, cytokines, and other HLA encoding genes, among others. A model accounting for all factors would accurately address the potential discrepancies.
Conclusions
We conclude that the C*18:01 and C*08:02 alleles are associated with low VL and high CD4+ T lymphocyte count respectively in cART naïve adult Zimbabweans with chronic HIV-infection. Further, the KIR2DL2+HLA-C1 compound genotype is associated with low VL in the same population. Thus, carriage of the C*18:01, C*08:02 and KIR2DL2+C1 variants may have a favourable effect against HIV disease progression in the study population. Further work is required to ascertain the role of KIR+HLA-C polymorphisms in HIV infection outcomes. 
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